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Abstract
Lµ−Lτ gauge boson (Z ′) with a mass in the MeV to GeV region can resolve not only the muon
g − 2 excess, but also the gap in the high-energy cosmic neutrino spectrum at IceCube. It was
recently proposed that such a light gauge boson can be detected during the Belle II experiment
with a luminosity of 50 ab−1 by the e+e− → γ + /E process through the kinetic mixing with the
photon, where the missing energy /E is from the Z ′ → ν¯ν decays. We study the phenomenological
implications when a pair of singlet vector-like leptons carrying different Lµ − Lτ charges are in-
cluded, and a complex singlet scalar (φS) is introduced to accomplish the spontaneous U(1)Lµ−Lτ
symmetry breaking. It is found that the extension leads to several phenomena of interest, including
(i) branching ratio (BR) for h→ µτ can be of the order of 10−3; (ii) φS-mediated muon g − 2 can
be of the order of 10× 10−10; (iii) BR for τ → µφ∗S → µZ ′Z ′ can be 10−8, and (iv) kinetic mixing
between the Z ′ boson and photon is sensitive to the relative heavy lepton masses. The predicted
BRs for τ → (3µ + /E, 5µ) through the leptonic Z ′ decays can reach a level of 10−9, in which the
results fall within the sensitivity of the Belle II in the search for the rare tau decays.
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I. INTRODUCTION
A Z ′ gauge boson, dictated by an anomaly-free U(1)Lµ−Lτ gauge symmetry [1, 2], has
been broadly studied. Especially, the Z ′ boson with a mass in the range between MeV and
GeV can help explain observed anomalies, such as the muon anomalous magnetic moment
(muon g − 2) [3–5], and deficiencies in the high-energy cosmic neutrino spectrum reported
by IceCube [6–10]. In addition, the U(1)µ−τ ≡ U(1)Lµ−Lτ gauge model can be also used to
resolve the largely unexpected lepton-flavor nonuniversality in semileptonic B decays [11–13],
Higgs h lepton flavor violating (FLV) decays [12, 14–16], and dark matter and/or neutrino
mass [17–21].
Recently, there has been some progress made with detecting the light Z ′ boson in exper-
iments and limiting the ranges of Z ′ mass mZ′ and gauge coupling gZ′, which are used to fit
the muon g − 2 anomaly. For instance, according to neutrino trident production processes,
which were measured by the CHARM-II collaboration [22] and CCFR collaboration [23],
it was shown that mZ′ & 400 MeV and gZ′ > few × 10−3 are excluded [24]. Based on a
observation of cross-section of the e+e− → µ+µ−Z ′, Z ′ → µ+µ− channel, which was recently
measured by the BABAR collaboration at a 90% confidence level (CL) [25], the bound of
gZ′ < 0.7 × 10−3 at mZ′ ≈ 0.22 GeV can be obtained. The ranges of mZ′ ⊂ (1, 10) MeV
and gZ′ ⊂ (0.1, 1) × 10−3 were badly narrowed [26] by the measurement of 7Be solar neu-
trino scattering off the electron in the Borexino experiment [27], where the ν-e scattering
occurred through loop-induced kinetic mixing between the electromagnetic and Z ′ gauge
fields. Although the mZ′ and gZ′ parameter spaces for explaining the muon g− 2 excess are
not completely excluded, the allowed ranges are strictly bounded by the experiments above.
A detection of the light Z ′ gauge boson via the process e+e− → γ+ /E at the Belle II, which
will record an unprecedented data sample of 50 ab−1, was recently proposed in [28, 29], where
/E is the missing energy from the Z ′ → ν¯ν decays, and the Z ′ boson is produced through
kinetic mixing with the photon. Although kinetic mixing was also involved in the Borexino
ν-e scattering experiment, it was found that the loop-induced mixing in the e+e− → γZ ′
process is dependent on the q2 = m2Z′ , whereas the mixing in the solar neutrino experiment
is a constant in q2 due to the low energy neutrinos. The kinetic mixing parameters in the
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both processes are respectively written as [29]:
ǫBelle =
egZ′
2π2
∫ 1
0
dx x(1− x) ln m
2
τ − x(1− x)q2
m2µ − x(1 − x)q2
, ǫνe =
egZ′
6π2
ln
mτ
mµ
. (1)
It has been concluded that with a Belle-II integrated luminosity of 50 ab−1, the significance
of an e+e− → γ + /E process higher than 3σ significance can be reached, where the sensitive
regions are mZ′ . 1 GeV and gZ′ & 0.8× 10−3.
If we examine the light Z ′ gauge boson together with the spontaneous U(1)µ−τ symmetry
breaking method, it can be found that in addition to themZ′ and gZ′ parameters, the U(1)µ−τ
gauge model needs at least one more new free parameter to dictate the mass of a scalar boson,
in which the scalar field only carries the U(1)µ−τ charge and is responsible for the symmetry
breaking. If we employ a complex singlet scalar field (φS) to accomplish the symmetry
breaking, the φS-Z
′-Z ′ coupling from the kinetic term can lead to the φS → Z ′Z ′ decay when
mS > 2mZ′ is satisfied. If the singlet scalar can be produced with a sizable cross section, the
light Z ′ can then be generated through the φS decay. However, if the φS field only couples to
the leptons via the Yukawa interactions, we cannot have the SU(2)L×U(1)Y ×U(1)µ−τ gauge
invariant Yukawa couplings because the left-handed and right-handed leptons are SU(2)L
doublets and singlets, respectively. Thus, it is difficult to generate the singlet scalar boson
and detect the Z ′ signal through the φS → Z ′Z ′ channel.
We find that if two singlet vector-like leptons, which carry different U(1)µ−τ charges, are
added to the model, probing the light Z ′ through φS → Z ′Z ′ can then be achieved. The
resulting model not only is U(1)Y and U(1)µ−τ gauge anomaly-free, but it also removes the
scale dependence of loop-induced kinetic mixing. As a consequence, several phenomena of
interest are induced, including (i) LFV branching ratios (BRs) for the h, φS → µτ decays
can be of the order of 10−3; (ii) muon g − 2 from the same LFV effects can achieve a level
of 10−9; (iii) BR for τ → µφ∗S → µZ ′Z ′ can be of the order of 10−8; (iv) the kinetic mixing
of Eq. (1) is modified and becomes sensitive to the relatively heavy lepton masses.
With 50 ab−1 of data accumulated at the Belle II, the sample of τ pairs can be increased
up to around 5 × 1010, where the sensitivity necessary to observe the LFV τ decays can
reach 10−10 − 10−9, depending on the processes [30]. If mZ′ > 2mµ and BR(Z ′ → µ+µ−)×
BR(Z ′ → ν¯ν, µ+µ+) ∼ 0.2, we will show that the BRs for the τ → 3µ + /E and τ → 5µ
decays can be O(10−9) in the extension of the SM. Intriguingly, the resulting BRs of the
new tau decay channels are located in the Belle II sensitivity. Since τ → 3µ and τ → (e, µ)γ
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are suppressed in this model, the detectable τ → 3µ + /E and τ → 5µ decays can be used
as the characteristics that distinguish them from other models, which have sizable BRs for
the τ → 3µ and τ → (e, µ)γ decays.
The E821 experiment at the Brookhaven National Laboratory (BNL) [31] revealed the
uncertainty of the measured muon g− 2 to be 0.54 ppm, and a result of over a 3σ deviation
from the SM prediction was obtained. The new muon g− 2 measurements performed in the
E989 experiment at Fermilab and the E34 experiment at J-PARC will aim for a precision
of 0.14 ppm [32] and 0.10 ppm [33], respectively. Thus, the muon g− 2 induced by the LFV
effects in this model can be strictly bounded with more accurate measurements. Hence, in
this work, we plan to show the impacts on lepton-flavor conservation and the LFV phenom-
ena when U(1)µ−τ gauge symmetry and two singlet vector-like leptons are introduced to the
SM.
The paper is organized as follows. In Sec. II, we introduce the U(1)µ−τ extension of the
SM by adding two singlet vector-like leptons. The new Yukawa, Z, and Z ′ couplings are
derived in this section. We show the numerical analysis on the phenomena of interest in
Sec. III, where they include h → µτ , muon g − 2, rare τ decays, and the influence on the
e+e− → γZ ′. The summary is given in Sec. IV.
II. GAUGED Lµ − Lτ MODEL
In the following, we begin to introduce the new interactions in the extension of the SM.
In a gauged Lµ − Lτ model, we add two singlet vector-like leptons (ℓ4,5) and a complex
singlet scalar field (S) into the SM, where the S field is responsible for the spontaneous
U(1)µ−τ symmetry breaking, and the heavy leptons lead to lepton-flavor changing neutral
currents (LFCNCs) through the Yukawa couplings. In order to obtain the Higgs lepton-flavor
violation and remove the scale dependence of the loop-induced kinetic mixing between the
photon and the Z ′ gauge boson, the U(1)µ−τ charges of ℓ4 and ℓ5 must be opposite in sign.
When the charge of ℓ4 is determined, the charge of S then is certain. For clarity, we show the
U(1)µ−τ charges of the leptons and S field in Table I. Accordingly, the Yukawa interactions,
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TABLE I: U(1)µ−τ charges of leptons and S field.
e µ τ ℓ4 ℓ5 S
U(1) 0 1 −1 1 −1 2
which satisfy the SU(2)L × U(1)Y × U(1)µ−τ gauge symmetry, are written as:
−LY = YℓL¯ℓHℓR + yµL¯µHℓ4R + yτ ℓ¯4LτRS +m4Lℓ¯4Lℓ4R + y′τ L¯τHℓ5R
+ y′µℓ¯5LµRS
† + yS ℓ¯4Lℓ5RS + y
′
S ℓ¯5Lℓ4RS
† +m5Lℓ¯5Lℓ5R +H.c. , (2)
where Lℓ denotes the SM doublet lepton, fR(L) = PR(L)f with PR(L) = (1 ± γ5)/2; H is the
SM Higgs doublet, and m4L,5L are the heavy lepton masses. The electroweak and U(1)µ−τ
symmetries can be spontaneously broken through 〈H〉 = (v+h)/√2 and 〈S〉 = (vS+φS)/
√
2,
where v(vS) is the vacuum expectation value (VEV) of theH(S) field. From Eq. (2), it can be
seen that ℓ4 and ℓ5 can mix together through the yS ℓ¯4ℓ5S term when the U(1)µ−τ symmetry
is broken. In order to simplify the following formulation, we assume y′S = yS and take the
basis, ℓ′4 = cosαℓ4 − sinαℓ5 and ℓ′5 = sinαℓ4 + cosαℓ5, so that the 2× 2 mass matrix of ℓ4
and ℓ5 is diagonalized as:
mL1 0
0 mL2

 =

 cosα − sinα
sinα cosα



 m4L ySvS√2
ySvS√
2
m5L



 cosα sinα
− sinα cosα

 , (3)
where the mL1, mL2, and the mixing angle α can be related to the m4L,5L and ySvS param-
eters as:
mL1,L2 =
1
2
(
m4L +m5L ±
√
(m5L −m4L)2 + 2y2Sv2S
)
,
tan 2α =
√
2ySvS
m5L −m4L . (4)
We note that in general, the SM Higgs can mix with the scalar φS via the scalar potential.
Since the mixing is a new free parameter, in order to avoid the constraint resulting from the
precision Higgs measurements, hereafter, we consider the mixing to be small and neglect its
contributions.
Since the model involves a new scalar field S, to understand its properties, we write the
gauge invariant scalar potential as:
V =− µ2HH†H − µ2SS†S + λH(H†H)2 + λS(S†S)2 + λHS(H†H)(S†S) (5)
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where µ2H,S and λH,S are positive parameters. Based on the minimum condition, the VEVs
of the scalar fields H and S can be obtained as:
∂V
∂v
= v
(
−µ2H + λHv2 +
1
2
λHSv
2
S
)
= 0,
∂V
∂vS
= vS
(
−µ2S + λSv2S +
1
2
λHSv
2
)
= 0. (6)
With the assumption of λHS ≪ 1, we obtain v ≃
√
µ2H/λH and vS ≃
√
µ2S/λS. From the
scalar potential, the mass-squared matrix for the h and φS is expressed as:
M2φ =

 2µ2H λHSvvS
λHSvvS 2µ
2
S

 . (7)
The eigenvalues and eigenstates of Eq. (7) are then obtained as:
m2H1,H2 = (µ
2
H + µ
2
S)±
√
(µ2H − µ2S)2 + λHSvvS,
H1
H2

 =

 cosφ sinφ
− sin φ cosφ



φS
h

 , tan 2φ = λHSvvS
µ2H − µ2S
, (8)
where H2 is the SM-like Higgs boson; and the mass hierarchy mH1 < mH2 is assumed in this
paper. The mixing angle φ can be constrained by the SM Higgs precision measurements.
Especially, when mH2 > 2mH1, 2mZ′, the H2 → H1H1 and H2 → Z ′Z ′ decays will be opened.
Since the mixing angle φ is irrelevant to our study, in the following analysis, we take φ≪ 1,
H2 ≃ h, and H1 ≃ φS. As a result, we have vS ≃ mS/
√
2λS; that is, vS ∼ 100 GeV and
mS ∼ 10 GeV can be achieved when λS ∼ 5× 10−3.
In order to obtain the Z ′ mass and the S gauge coupling to the Z ′ boson, we write the
covariant derivative of the S field to be Dµ = ∂µ + igZ′XSZ
′
µ, where XS = 2 is the U(1)µ−τ
charge of the S field. With 〈S〉 = (vS +φS)/
√
2, the Z ′ mass and φS −Z ′−Z ′ coupling can
be obtained through the kinetic term as:
(DµS)†(DµS) ⊃ 1
2
(vS + φS)
2g2Z′X
2
SZ
′
µZ
′µ ,
mZ′ = 2gZ′vS , φS − Z ′ − Z ′ : 2m
2
Z′
vS
gµν . (9)
After electroweak and U(1)µ−τ symmetry breaking, the lepton-flavor mixing information
can be obtained from Eq. (2). If we combine the SM leptons and the heavy leptons to form a
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multiplet state in flavor space, denoted by ℓ′T = (ℓ ,Ψℓ) with ℓ = (e, µ, τ) and ΨTℓ′ = (ℓ
′
4, ℓ
′
5),
the 5× 5 lepton mass matrix can be written as:
ℓ¯′LMℓ′ℓ
′
R =
(
ℓ¯L , Ψ¯ℓL
) mℓ3×3 δm1
δmT2 mL


5×5

 ℓR
ΨℓR

 , (10)
where diagmℓ = (me, mµ, mτ ), mf = vYf/
√
2, diagmL = (mL1, mL2), and δm1,2 are given
by:
δmT1 =

 0 , vyµ√2 cα , −vy′τ√2 sα
0 , vyµ√
2
sα ,
vy′τ√
2
cα

 , δmT2 =

 0 , −vSy′µ√2 sα , vSyτ√2 cα
0 ,
vSy
′
µ√
2
cα ,
vSyτ√
2
sα

 (11)
with cα = cosα and sα = sinα. To diagonalize the mass matrixMℓ′ in Eq. (10), we introduce
two unitary matrices VR,L. Since we take the flavor mixing effects to be perturbative and
are suppressed by mL1,L2, the 5× 5 flvaor mixing matrices can be simplified as:
Vχ ≈

 13×3 −ǫχ
ǫ†χ 12×2


5×5
, (12)
where we only retain the leading contributions, and the effects, which are smaller than ǫχ
with χ = R,L, have been dropped, such as ǫ†χǫχ , mℓδm1,2/m
2
L, etc. The explicit expressions
of ǫχ then are given by:
ǫ†L =

 0 , vyµ√2mL1 cα , − vy′τ√2mL1 sα
0 , vyµ√
2mL2
sα ,
vy′τ√
2mL2
cα

 , ǫ†R =

 0 , − vSy′µ√2mL1 sα , vSyτ√2mL1 cα
0 ,
vSy
′
µ√
2mL2
cα ,
vSyτ√
2mL2
sα

 (13)
where the Yukawa couplings yµ,τ and y
′
µ,τ are taken as real numbers.
After rotating the lepton weak states to physical states based on the VR and VL, the
Yukawa couplings of the SM Higgs and φS to the charged leptons from Eq. (2) are expressed
as:
−Lh, φS =
(
ℓ¯L , Ψ¯τ ′L
)
VL

 mℓ3×3 δm1
0 0

V †R

 ℓR
Ψτ ′R

 h
v
+
(
ℓ¯L , Ψ¯τ ′L
)
VL

 0 0
δmT2 0

V †R

 ℓR
Ψτ ′R

 φS
vS
, (14)
where we still use ℓ to represent the light leptons; however, for the mass eigenstate of the
heavy lepton, we use ΨTτ ′ = (τ
′, τ ′′) instead of ΨTℓ′ = (ℓ
′
4, ℓ
′
5). With the leading expansions in
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Eq. (12), the Higgs and φS Yukawa couplings to the light charged leptons can be summarized
as:
−Lh,φSY ⊃
mℓ
v
ℓ¯LℓRh− yµyτ
2
(
c2α
mL1
+
s2α
mL2
)
µ¯LτR(vSh + vφS)
− y
′
µy
′
τ
2
(
s2α
mL1
+
c2α
mL2
)
τ¯LµR(vSh + vφS) +H.c. (15)
The full Yukawa couplings are shown in the appendix; here, we only show the relevant
parts. From Eq. (42), it can be seen that the modified Higgs couplings to µ- and τ -lepton
are proportional to sα and mL2−mL1; thus, the modifications can be suppressed by a small
sα or/and mL2 ≈ mL1. Since the mixing between τ ′ and τ ′′ does not influence the LFV
effects, in order to simplify the analysis, hereafter, we take sα = 0 and cα = 1. According
to Eq. (14), in addition to the h → µτ and τ → µZ ′Z ′ decays, the h- and φS-mediated
LFV effects can also lead to a sizable muon g − 2. Since the LFV currents involve τ¯LµR
and µ¯LτR, the muon g − 2 can be enhanced by mτ due to the τ chirality flip. Although the
τ → 3µ decay is allowed in the model, since the vertices are suppressed by the mµ/v and
have no other enhancing factor, the resulting branching ratio is ∼ 8×10−13 and is far below
the current experimental upper bound of 2.1× 10−8 [37]. Similarly, the BR for the τ → µγ
decay is also small. The LFV couplings, which involve heavy leptons, can be found in the
appendix.
Next, we discuss the influence of the vector-like leptons on the Z and Z ′ gauge couplings
to the leptons. Since the introduced heavy leptons are SU(2)L singlets and carry the hy-
percharge Y = −1, which is the same as that carried by the right-handed light leptons,
the Z gauge couplings to the right-handed leptons are flavor conserving at the tree level.
However, because the left-handed light and heavy leptons carry different U(1)Y charges, the
Z-mediated LFCNCs at the tree level occur in the left-handed leptons. To show the newly
modified Z gauge couplings to the leptons, we write the interactions in the physical lepton
states as:
LZ = −
(
ℓ¯L, Ψ¯τ ′L
)
γµVL

 CℓL13×3 0
0 CℓR12×2

V †L

 ℓL
Ψτ ′L

Zµ , (16)
≈ − (ℓ¯L, Ψ¯τ ′L) γµ

 CℓL13×3 (CℓL − CℓR)ǫL
(CℓL − CℓR)ǫ†L CℓR12×2



 ℓL
Ψτ ′L

Zµ , (17)
CℓL =
g
2cW
(
2s2W − 1
)
, CℓR =
gs2W
cW
, (18)
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where we have dropped the ǫLǫ
†
L and ǫ
†
LǫL effects; cW = cos θW , sW = sin θW , and θW is
the Weinberg’s angle. Based on this approximation, the Z-boson couplings to the light
charged leptons are still flavor conserving. Nevertheless, the LFV processes can occur in the
transition of the heavy leptons to light leptons. Hence, with the leading order approximation
to the flavor mixing matrices, the Z-boson couplings to the charged leptons can be simplified
as:
−LZ ≈
[
CℓLℓ¯LγµℓL + C
ℓ
Rℓ¯RγµℓR + C
ℓ
RΨ¯τ ′γµΨτ ′
]
Zµ
− g
2cW
(
vyµ√
2mL1
µ¯Lγµτ
′
L +
vy′τ√
2mL2
τ¯Lγµτ
′′
L +H.c.
)
Zµ . (19)
Although the introduced ℓ4,5 leptons are vectorial couplings to the Z
′ boson, since the
charged leptons carry different U(1)µ−τ charges, and the flavor mixing matrices in general
distinguish the lepton chirality, we thus write the Z ′ couplings to the leptons as:
LZ′ = −gZ′ ℓ¯′γµVRQ′V †RPRℓ′Z ′µ − gZ′ ℓ¯′γµVLQ′V †LPLℓ′Z ′µ − gZ′ ν¯ℓγµQPLνℓZ ′µ , (20)
where ℓ′T = (e, µ, τ, τ ′, τ ′′); diaQ′ = (0, 1,−1, 1,−1) and diaQ = (0, 1,−1) denote the U(1)′
charges of the charged leptons and neutrinos, respectively. Taking the leading approxima-
tion, the couplings to the charged leptons can be simplified as:
−LZ′ ≈ gZ′
(
ℓ¯, Ψ¯τ ′
)
γµQ′

 ℓ
Ψτ ′

Z ′µ
− gZ′ 2vSyτ√
2mL1
τ¯Rγ
µτ ′RZ
′
µ + gZ′
2vSy
′
µ√
2mL2
µ¯Rγ
µτ ′′RZ
′
µ +H.c. (21)
It can be seen that the Z ′ couplings to the lepton pairs are still flavor conserved. The Z ′
mediated flavor changing effects only occur in the right-handed currents and at the τ ′−τ and
τ ′′−µ vertices. Since we focus on the light Z ′ and small gZ′, these flavor-changing couplings
cannot have a significance influence on the muon g − 2. In addition, the contributions to
the τ ′ and τ ′′ decay widths are also small.
III. NUMERICAL ANALYSIS AND DISCUSSIONS
Based on the introduced interactions, in the following, we discuss the relevant phenomena
of interest.
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A. h→ µτ and muon g − 2
From Eq. (15), it is found that the LFV coupling µ − τ − h leads to the h → µτ decay,
and the associated BR can be written as:
BR(h→ µτ) = v
2
S (|aL|2 + |aR|2)
8πΓh
mh , (22)
aL =
yµyτ
2mL1
, aR =
y′µy
′
τ
2mL2
,
where τµ indicates the sum of µ¯τ + τ¯µ, and Γh is the Higgs width. With mh = 125 GeV,
Γh ≈ 4.21 MeV, the parameters can be reformulated as:
√
|aL|2 + |aR|2 ≈ 1.56× 10
−3
vS
√
BR(h→ τµ)
2.5× 10−3 , (23)
where BR(h→ µτ) can be taken from the experimental data, and the current upper limits
from ATLAS and CMS are 1.43% [34] and 0.25% [35, 36], respectively. Hereafter, we take
2.5 × 10−3 as the upper limit of BR(h → µτ). Moreover, the LFV effects in Eq. (15) can
also contribute to the muon g − 2, for which the Feynman diagram is sketched in Fig. 1.
Thus, in addition to the Z ′-mediated loop effect, the new sources contributing to the muon
g − 2 in this model are from the h- and φS-mediated loop diagrams. As a result, the muon
g − 2 can be written as:
∆aµ = ∆a
Z′
µ +∆a
h
µ +∆a
φS
µ , (24)
where the current measurement is ∆aµ = a
exp
µ − aSMµ = (28.7 ± 8.0) × 10−10 [37], the Z ′
contribution is given as [29]:
∆aZ
′
µ =
g2Z′
8π2
∫ 1
0
dx
2m2µx
2(1− x)
x2m2µ + (1− x)m2Z′
, (25)
and the h and φS effects are respectively expressed as:
∆ahµ = −Qτmµmτ
aRaL
4π2
v2S
m2h
(
ln
m2h
m2τ
− 3
2
)
,
∆aφSµ = −Qτmµmτ
aRaL
4π2
v2
m2S
(
ln
m2S
m2τ
− 3
2
)
(26)
with Qτ = −1 being the τ -lepton electric charge. From Eqs. (22) and (26), it can be seen
that the scalar contributions to the h → µτ decay are dictated by |aL|2 + |aR|2 while the
contributions to the muon g − 2, denoted by ∆ah+φSµ ≡ ∆ahµ + ∆aφSµ , are associated with
aLaR. When one of aL and aR is small or vanishes, BR(h→ µτ) can still be sizable, however,
10
h/φS
µL(R) µR(L)
τR(L) τL(R)
γ
FIG. 1: Sketched Feynman diagram for the Higgs- and φS-mediated muon g − 2.
∆ah+φSµ is suppressed. In order to investigate the case when the BR(h → µτ) and ∆ah+φSµ
are strongly correlated, in the following analysis, we take the scheme with |aL| ≈ |aR|. In
addition, since the sign of ζ = ln(m2S/m
2
τ )− 3/2 depends on mS, in order to get a positive
∆ah+φSµ , the relative sign of aR and aL also depends on the value of mS. We show the
contours for the BR(h→ µτ) in units of 10−3 (dashed) and ∆ah+φSµ in units of 10−10 (solid)
as a function of aR and aL in Fig. 2(a), where vS = 80 GeV and mS = 8 GeV are used.
Similarly, we show the case with vS = 140 GeV and mS = 2 GeV in Fig. 2(b). From the
plots, it can be found that BR(h→ µτ) of 10−3 and ∆ah+φSµ of 10×10−10 can be reconciled
by the scalar-mediated LFV effects; and aL and aR prefer the same sign in plot (a) while
they are opposite sign in plot (b).
FIG. 2: Contours for BR(h→ µτ) in units of 10−3 (dashed) and ∆ah+φSµ in units of 10−10 (solid)
as a function of aR and aL, where (vS ,mS) = (80, 8) GeV in plot (a) and (vS ,mS) = (140, 2) GeV
in plot (b) are taken.
Basically, aR and aL appearing in Eqs. (22) and (26) can be taken as two independent
11
FIG. 3: Contours for ∆aφSµ (in units of 10−10) as a function of BR(h→ µτ) and vS , wheremS = 8
GeV and aL = aR are used in plot (a), mS = 2 GeV and aL = −aR are used in plot (b), and the
dashed line is the upper limit from CMS [36].
parameters; however, if we use the scheme with aL ≈ ±aR, ∆ah+φSµ can be expressed in
terms of BR(h→ µτ) as:
∆ah+φSµ
BR(h→ µτ) ≈ ±
mµmτΓh
πm3h
[(
ln
m2h
m2τ
− 3
2
)
+
(vmh)
2
(mSvS)2
(
ln
m2S
m2τ
− 3
2
)]
. (27)
Since there is no other free parameter in the first term of Eq. (27), if we take the CMS
upper limit with BR(h→ µτ) ∼ 2.5× 10−3, the Higgs contribution can be estimated to be
∆ahµ ∼ 2.2× 10−12, which is far below the current experimental value. Hence, the dominant
contribution to ∆ah+φSµ is from the φS mediation. For simplicity, we take ∆a
h+φS
µ ≃ ∆aφSµ
in our analysis. Based on Eq. (27), we show the contours for ∆aφSµ (in units of 10
−10) as a
function of BR(h→ µτ) and vS in Fig. 3(a) and Fig. 3(b), where the former plot corresponds
to mS = 8 GeV and aL = aR, the latter plot is mS = 2 GeV and aL = −aR, and the dashed
line in both plots denotes the CMS upper limit. From the plots, it can be seen that when
the value of BR(h→ µτ) is around 1× 10−3, the value of ∆aφSµ can still reach 10× 10−10.
In order to clearly see the influence of the φS-mediated effects on the muon g − 2, we
show the contours for ∆aφSµ as a function of mZ′ and gZ′ in Fig. 4, where vS = mZ′/(2gZ′),
BR(h→ µτ) = 1×10−3, mS = 8 GeV in plot (a), and mS = 2 GeV in plot (b) are used; the
results bounded by the dot-dashed, dashed, and solid lines represent the contributions from
the Z ′ boson, φS, and Z ′+φS, respectively; the taken region for each contribution is given by
∆aZ
′
µ = (2, 8)×10−10, ∆aφSµ = (1, 10)×10−10, and ∆aZ′+φSµ = (12.7, 44.7)×10−10. ; and the Z ′
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contribution is written as Eq. (25). Since ∆aφSµ ∝ BR(h→ µτ)/v2S = 4g2Z′BR(h→ µτ)/m2Z′,
when mZ′ approaches the region of mZ′ ≪ 1 GeV, gZ′ must decrease in order to keep ∆aφSµ
constant. This behavior is different from the Z ′-mediated muon g−2, where ∆aZ′µ approaches
a constant when mZ′ goes to zero. According to the plots, if the Z
′-mediated muon g− 2 is
∆aZ
′
µ < 10× 10−10 at gZ′ ∼ O(10−3), the muon g − 2 can be enhanced to the current data
with 2σ errors when the φS contribution is included.
FIG. 4: Contours for ∆aµ with (a) mS = 8 GeV and aL = aR and (b) mS = 2 GeV and aL = −aR
as a function of mZ′ and gZ′ , where the results bounded by the dot-dashed, dashed, and solid lines
denote the Z ′, φS , and Z ′ + φS contributions, respectively.
B. Z ′ and rare τ decays
As shown above, in order to enhance the muon g− 2 up to the 10−10− 10−9 level, a light
φS is preferred. In this situation, the φS predominantly decays into τµ and Z
′Z ′. According
to the gauge coupling in Eq. (9) and the Yukawa couplings in Eq. (15), the φS partial decay
rates can be expressed as:
Γ(φS → Z ′Z ′) = m
3
S
16πv2S
,
Γ(φS → τµ) = v
2 (|aL|2 + |aR|2)
8π
mS ,
= 8.3× 10−8mSv
2
v2S
BR(h→ τµ)
2.5× 10−3 , (28)
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where the lepton and Z ′ mass effects are neglected, and τµ indicates the sum of the τ¯µ and
µ¯τ channels. In the last line, we applied the result of Eq. (23). It can be clearly seen that
Γ(φS → τµ)≪ Γ(φS → Z ′Z ′). Accordingly, the BRs for the φS decays are shown as:
BR(φS → Z ′Z ′) ≈ 1 ,
BR(φS → τµ) ≈ 2.57× 10−3
(
10GeV
mS
)2
BR(h→ µτ)
2.5× 10−3 . (29)
In addition to the φS → τµ decay, the same LFV effects can lead to τ → µZ ′Z ′ decay through
the φS mediation. The differential branching fraction as a function of Z
′Z ′ invariant mass
is shown as:
dBR(τ → µZ ′Z ′)
dq2
≈ mτ
64π2mh
Γh
Γτ
BR(h→ µτ)
× (q
2 − 2m2Z′)2 + 8m4Z′
v4Sm
2
S
(
1− q
2
m2τ
)2√
1− 4m
2
Z′
q2
. (30)
Based on the result, we show the contours for BR(τ → µZ ′Z ′) (dot-dashed) as a function
of BR(h→ µτ) and vS with mZ′ = 0.25 GeV in Fig. 5, where plot (a) denotes mS = 8 GeV
and aL = aR, and plot (b) is mS = 2 GeV and aL = −aR. For comparison, we also show
the muon g− 2 (solid) in the plot (a) and (b), and the numbers on the contour lines denote
the values of BR(τ → µZ ′Z ′) and ∆aφSµ , which have been rescaled by a 10−8 and a 10−10
factor, respectively. From the plots, it can be seen that when ∆aφSµ is of the order of 10
−10,
the associated BR(τ → µZ ′Z ′) is in the order of 10−8.
The possible detecting signals for τ → µZ ′Z ′ depend on the Z ′ mass. If mZ′ < 2mµ,
the Z ′ gauge boson can only decay into νµ and ντ pairs. Thus, the detecting signals will be
τ → µ + /E with /E being a missing energy. Since the τ → µν¯νντ BR ≈ 17.27% process in
the SM is the main background, the small BR(τ → µZ ′Z ′) cannot be distinguished from
the BRexp(τ → µν¯νντ ) = (17.39± 0.04)% errors [37]. In this case, we cannot see the signal
for the τ → µZ ′Z ′ decay. However, when mZ′ > 2mµ, in addition to the neutrino pair, the
Z ′ can also decay into a muon pair. Therefore, the signals can be τ → 3µ ν¯ ν and τ → 5µ,
where ν includes the νµ and ντ neutrinos, and the decay chains are shown as:
τ → µZ ′Z ′;Z ′ → ν¯ν, Z ′ → µ+µ− (31)
τ → µZ ′Z ′;Z ′ → µ+µ−, Z ′ → µ+µ− . (32)
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FIG. 5: Contours for BR(τ → µZ ′Z ′) in units of 10−8 (dot-dashed) and ∆aφSµ in units of 10−10
(solid) with mZ′ = 0.25 GeV as a function of BR(h→ µτ) and vS , where plot (a) denotes mS = 8
GeV and aL = aR, and the plot (b) is mS = 2 GeV and aL = −aR.
The BRs for the Z ′ → (ν¯ν, µ+µ−) decays can be simply formulated as:
BR(Z ′ → ν¯ν) = 1
1 +M2µ
, BR(Z ′ → µ+µ−) = M
2
µ
1 +M2µ
, (33)
M2µ =
(
1 +
2m2µ
m2Z′
)√
1− 4m
2
µ
m2Z′
, (34)
where the BRs only depend on the mZ′ parameter. For illustration, we show the values
of BRs with respect to some selected mZ′ values in Table II. According to the results in
Fig. 5 and the values shown in Table II, it can be found that the BRs for τ → (3µ+ /E, 5µ)
can reach a level of 10−9, which is the detecting sensitivity at the Belle II [38]. In the Bell
II experiment, τ leptons are produced in pairs and the signals of the τ decays could be
e+e− → τ(→ 3µ+ /E, 5µ)+ τh, where τh is the hadronic τ decays. Thus, the SM background
events are (3µ + /E, 5µ)+ jet, which can be produced by the electroweak interactions. The
background events can be reduced by applying proper kinematic cuts, such as the τ mass
reconstruction from 3µ+ /E or 5µ in the final state, the muon-pair invariant mass distribution,
and the various kinematic distributions of the same sign muons.
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TABLE II: Values of branching ratios for the Z ′ → (ν¯ν, µ+µ−) decays with respect to the selected
mZ′ values, where ν includes the νµ and ντ neutrinos.
mZ′ [GeV] 0.22 0.25 0.3 0.34 0.38
BR(Z ′ → ν¯ν) 0.71 0.58 0.53 0.52 0.51
BR(Z ′ → µ+µ−) 0.29 0.42 0.47 0.48 0.49
C. Influence on e+e− → γZ ′
Next, we examine the influence of vector-like leptons on the e+e− → γZ ′ process, which
arises from the kinetic mixing [29]. The Feynman diagram for the loop-induced kinetic
mixing is sketched in Fig. (7), where the leptons inside the loop include ℓ′ = µ, τ, τ ′, and τ ′′.
Accordingly, the effective Lagrangian is expressed as:
Lmix = − ǫ
2
FµνZ
′µν ,
= −Π(q2) (q2ǫγ · ǫ∗Z′ − q · ǫγq · ǫ∗Z′) , (35)
where Fµν and Z
′
µν are the U(1)em and U(1)µ−τ gauge field strength tensors, respectively,
and the ǫ = Π(q2) can be derived as:
Π(q2) =
8egZ′
(4π)2
∫ 1
0
dx x(1− x)
[
ln
m2τ − x(1 − x)q2
m2µ − x(1− x)q2
+ ln
m2L2 − x(1− x)q2
m2L1 − x(1− x)q2
]
. (36)
Since the U(1)µ−τ charges of ℓ4 and ℓ5 are opposite in sign, the scale-dependent factor from
a renormalization scheme is cancelled, and the contributions of the vector-like leptons are
basically similar to those of µ and τ leptons. In order to present the influence of τ ′ and
τ ′′, we show the ǫ as a function of Eγ in Fig. 7, where the relation of Eγ and q2 is given
by Eγ = (s − q2)/(2
√
s);
√
s is the center-of-mass energy of e+e−, and
√
s = 10.58 GeV is
used. In the left panel, the solid, dashed, dotted, and dot-dashed lines denote the results
of mL2 = (0.7, 0.9, 1.1, 1.5) TeV, respectively, and mL1 = 0.7 TeV is fixed. The horizontal
lines denote the same situations for the ǫνe results. In the right panel, we fix mL2 = 0.7
TeV and show the results with mL1 = (0.7, 0.9, 1.1, 1.5) TeV for ǫ and ǫνe. We note that
the results with mL1 = mL2 = 0.7 TeV (solid) are the same as those without vector-like
leptons. From the plots, it can be seen that ǫ in the small Eγ region (i.e., larger mZ′) is
sensitive to the ratiomL2/mL1. However, for the e
+e− → γ+ /E process, the SM backgrounds
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γ Z ′
q2 q
2
ℓ′
FIG. 6: Sketched Feynman diagram for the kinetic mixing of γ and Z ′, where the leptons inside
the loop include ℓ′ = µ, τ, τ ′, and τ ′′.
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FIG. 7: Left panel: ǫ for mL2 > mL1 in Eq. (36) as a function of Eγ , where Eγ = (s− q2)/(2
√
s),
and
√
s = 10.58 GeV and mL1 = 0.7 TeV are used; the solid, dashed, dotted, and dot-dashed lines
denote the results of mL2 = (0.7, 0.9, 1.1, 1.5) TeV, respectively. The horizontal lines are the same
situations but for the case of ǫνe = Π(0). The contributions of mL1 = mL2 = 0.7 TeV are the same
as for those without vector-like leptons. Right panel: the legend is the same as that in the left
panel, but for mL1 > mL2.
dominate in the small Eγ region. To clearly understand how the q
2 = m2Z′, (mL1 , and mL2)
affect the discovery significance, with the selected values of
√
q2 = mZ′ and (mL1 , mL2),
we show the numerical values for the signal (NS) and background (NB) numbers and the
corresponding significance, defined by NS/
√
NB +NS, in Table III, where gZ′ = 10
−3 is
fixed and the integrated luminosity of 50 ab−1 is used in the numerical calculations; here
we applied formulas for the signal and SM background cross section in Ref. [29]. It can be
found that the significance can be over 3σ as mZ′ . 1.0 GeV and is increased(decreased) for
mL1 < (>) mL2 .
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TABLE III: Number of signal events NS and corresponding significance, defined by
NS/
√
NS +NB , for several taken values of (mL1 ,mL2), where gZ′ = 10
−3 is fixed; the integrated
luminosity of 50 ab−1 is used, and the cases for
√
q2 = mZ′ = (1.0, 1.5) GeV are presented. The
number of background events is NB = 8(30) for mZ′ = 1.0(1.5) GeV.
(mL1 ,mL2) [TeV] (0.7, 0.7) (0.7, 1.1) (0.7, 1.5) (1.1, 0.7) (1.5, 0.7)
NS 14 (11) 19 (14) 23 (17) 11 (9) 9 (8)
Significance 3.0 (1.7) 3.6 (2.1) 4.1 (2.5) 2.5 (1.4) 2.2 (1.3)
D. Collider signatures
Two heavy vector-like leptons τ ′ and τ ′′ are introduced to generate the LFV scalar decays
in this paper; therefore, it is of interest to study the production of the heavy leptons at the
LHC. Since event simulation is beyond the scope of this paper, in the following we briefly
discuss the potential channels and their production cross-sections.
In addition to the interactions of the Z/γ gauge bosons and τ ′(τ ′′), from Eqs. (19), (42),
and (45), we also have the flavor-changing couplings, expressed as:
µ− τ ′ − Z : gyyµ
2
√
2cWmL1
, µ− τ ′′ − Z : gyy
′
τ
2
√
2cWmL2
,
µ− τ ′ − h : yµ√
2
, τ − τ ′ − φS : yτ√
2
,
τ − τ ′′ − h : y
′
τ√
2
, µ− τ ′′ − φS :
y′µ√
2
. (37)
Therefore, the heavy leptons can be produced through the single and pair production
channels. For singlet τ ′(τ ′′) production, the main processes in pp collisions are from
qq¯ → Z∗ → τ ′µ(τ ′′τ) and gg → h∗ → τ ′µ(τ ′′τ). The τ ′(τ ′′) pair production processes
are via the Z/γ gauge boson exchange. Using CalcHEP 3.6 [39] with CTEQ6 parton dis-
tribution functions (PDFs) [40], the single τ ′/τ ′′ and τ ′/τ ′′ pair production cross-sections
with mτ ′(τ ′′) = (0.7, 0.9, 1.1) TeV and yµ ∼ y′τ ∼ 1 at
√
s = 13 TeV are shown in Table IV,
where we have used a K-factor of 1.5 for gg → h∗ → τ ′µ(τ ′′τ). We note that the values
of the single and pair production cross-sections accidentally are the same due to the use of
yµ ∼ y′τ ∼ 1.
From Eq. (37), it can be clearly seen that the τ ′ → µZ and τ ′′ → τZ decays have the
suppression factors v/mL1,L2; therefore, the heavy lepton decaying to the Higgs and φS are
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TABLE IV: Single τ ′/τ ′′ and τ ′/τ ′′ pair production cross-sections at
√
s = 13 TeV.
mτ ′/τ ′′ [TeV] 0.7 0.9 1.1
σ(τ ′/τ ′′) [fb] 0.43 0.11 0.036
σ(τ ′τ ′/τ ′′τ ′′) [fb] 0.43 0.11 0.035
the dominant channels. If we assume yµ ∼ yτ and y′µ ∼ y′τ and neglect the mh,φS effects
due to mh,φS ≪ mτ ′,τ ′′, the BRs can be simplified to be BR(τ ′ → µh) ∼ BR(τ ′ → τφS) ∼
BR(τ ′′ → τh) ∼ BR(τ ′′ → µφS) ∼ 1/2. Since φS has not yet been observed, the better
discovery channels are through the Higgs production; accordingly, the collider signatures
can be expressed as:
pp→ τ¯ ′µ(τ¯ ′′τ)→ µ¯µh(τ¯ τh) ,
pp→ τ¯ ′τ ′(τ¯ ′′τ ′′)→ µ¯µhh(τ¯ τhh) . (38)
With the luminosity of 300 fb−1 and mτ ′(τ ′′) = 0.7 TeV, the event numbers for the single and
pair production are estimated as 65 and 32, respectively. Since the discovery significance
depends on the background events and kinematic analysis, we leave the detailed study for
future work.
IV. SUMMARY
We studied the U(1)Lµ−Lτ extension of the SM by including a pair of singlet vector-like
leptons, where both heavy leptons carry different Lµ − Lτ charges. We employ a complex
singlet scalar field to dictate the spontaneous U(1)Lµ−Lτ symmetry breaking. With
gZ′ ∼ O(10−3), the VEV of the singlet scalar field must be at the electroweak scale
in order to obtain mZ′ in the MeV to GeV region. It is found that the scalar boson
contributions to the muon g − 2 and the h → µτ decay are strongly correlated in this
model when the condition aL ≃ aR is assumed. As a result, when BR(h → µτ) ∼ 10−3
is taken, the scalar-mediated muon g − 2 can reach 10 × 10−10. Moreover, even with
gZ′ ∼ 10−4, the muon g − 2 combining Z ′ and φS contributions can fit the current data
with 2σ errors. The kinetic mixing in the e+e− → γ + /E process not only depends on
the q2 = m2Z′, but also is sensitive to the ratio of mL2/mL1; as a result, the significance
of discovering the signal of e+e− → γ /E increases (decreases) for mL2 > (<) mL1. It is
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found that BR(τ → µZ ′Z ′) by the φS mediation can be of the O(10−8). When the BRs for
Z ′ → (ν¯ν, µ+µ−) are included, BR(τ → 3µ + /E, 5µ) of 10−9 can fall within the sensitivity
of Belle II experiment in the search for the rare tau decays. In addition, we briefly
discuss the collider signatures for discovering the heavy leptons τ ′ and τ ′′. The promising
channels are through the Higgs production and given as pp→ µ¯µ(τ¯ τ)h and pp→ µ¯µ(τ¯ τ)hh.
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Appendix
The Higgs Yukawa couplings in Eq. (14) is written as:
−Lh =
(
ℓ¯L , Ψ¯τ ′L
)
VL

 mℓ3×3 δm1
0 0

V †R

 ℓR
Ψτ ′R

 h
v
+H.c. ,
≈
(
ℓ¯L , Ψ¯τ ′L
)mℓ − δm1ǫ†R δm1
0 ǫ†Lδm1



 ℓR
Ψτ ′R

 h
v
+H.c. , (39)
where we have applied the flavor mixing matrices of Eq. (12) in the second line, and δm1ǫ
†
R
and ǫ†Lδm1 are given by:
δm1ǫ
†
R =
vvS
2


0 0 0
0 yµy
′
µ
(
− cαsα
mL1
+ cαsα
mL2
)
yµyτ
(
c2α
mL1
+ s
2
α
mL2
)
0 y′µy
′
τ
(
s2α
mL1
+ c
2
α
mL2
)
yτy
′
τ
(
− cαsα
mL1
+ cαsα
mL2
)

 , (40)
ǫ†Lδm1 =
v2
2

 y2µc2α+y′2τ s2αmL1 y2µ−y′2τmL1 cαsα
y2µ−y′2τ
mL2
cαsα
y2µs
2
α+y
′2
τ c
2
α
mL2

 . (41)
Hence, the Higgs couplings to the charged leptons can be decomposed as:
−Lh = mℓ
v
ℓ¯LℓRh +
vScαsα
2
mL2 −mL1
mL1mL2
(
yµy
′
µµ¯LµR + yτy
′
τ τ¯LτR
)
h
− vSyµyτ
2
(
c2α
mL1
+
s2α
mL2
)
µ¯LτRh−
vSy
′
µy
′
τ
2
(
s2α
mL1
+
c2α
mL2
)
τ¯LµRh
+
yµ√
2
µ¯L (cατ
′
R + sατ
′′
R)h+
y′τ√
2
τ¯L (−sατ ′R + cατ ′′R)h + Ψ¯τ ′Lǫ†Lδm1Ψτ ′R
h
v
+H.c. (42)
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Similarly, the φS Yukawa couplings in Eq. (14) is expressed as:
−LφS =
(
ℓ¯L , Ψ¯τ ′L
)
VL

 0 0
δmT2 0

V †R

 ℓR
Ψτ ′R

 φS
vS
,
≈
(
ℓ¯L , Ψ¯τ ′L
)
VL

 −ǫLδmT2 0
δmT2 δm
T
2 ǫR

V †R

 ℓR
Ψτ ′R

 φS
vS
, (43)
where ǫLδm
T
2 = δm1ǫ
†
R, and m
T
2 ǫR is written as:
mT2 ǫR =
v2S
2

 y′2µ s2α+y2τc2αmL1 −y′2µ +y2τmL2 cαsα
−y′2µ +y2τ
mL1
cαsα
y′2µ c
2
α+y
2
τ s
2
α
mL2

 . (44)
Then, the φS Yukawa couplings to the charged leptons can be written as:
−LφS =
vcαsα
2
mL2 −mL1
mL1mL2
(
yµy
′
µµ¯LµR + yτy
′
τ τ¯LτR
)
φS − vyµyτ
2
(
c2α
mL1
+
s2α
mL2
)
µ¯LτRφS
− vy
′
µy
′
τ
2
(
s2α
mL1
+
c2α
mL2
)
τ¯LµRφS +
y′µ√
2
(−sατ¯ ′L + cατ¯ ′′L)µRφS
+
yτ√
2
(cατ¯
′
L + sατ¯
′′
L) τRφS + Ψ¯τ ′Lδm
T
2 ǫRΨτ ′R
φS
vS
+H.c. (45)
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